Abstract-The sizable Nb 3 Sn Cable-In-Conduit Conductors (CICC) destined for the high field magnets in the International Thermonuclear Experimental Reactor (ITER), engender large transverse forces on the strands pressing the cable against one side of the inner conduit wall. This causes transverse compressive strain in the strands' crossover contacts accompanied by possible pinching and bending strain on top of the strain induced by the differential thermal contraction of the various conductor components. In the "Test ARangement for Strain Influence on Strands" (TARSIS), the influence of various principle deformation states (mechanical elasto-plastic behavior) that occur in a CICC can be studied separately and combined. Beside precise displacement and force measurements for stress-strain analysis, the voltage-current characteristics can be studied on strands from virgin state toward multi-cyclic loading. Here we present the first results on periodical strand bending with cyclic loading using four different bending wavelengths.
I. INTRODUCTION
T HE electromagnetic forces on the cable bundles in CICC's to be applied for ITER, with currents of more than 50 kA in magnetic fields exceeding 13 T, cause severe strain effects in the strands' Nb Sn filaments. The CICC's with a nominal bundle void fraction of 36% are composed of more than 1000 strands with a diameter of 0.8 mm [1] . The analysis of the voltage current traces taken from the CS Model Coil (CSMC) and Insert Coils revealed that the reduced performance of the cables, compared to the prediction based on the single strand characteristics, could not be explained solely by current unbalance caused by nonuniform joints or the self-field effect [2] . There was a strong indication for strand deformation associated with electromagnetic load, leading to changes in the local strain state of the Nb Sn filaments or possibly even to filament breakages [3] , [4] . This leads to an earlier voltage rise, i.e., a lower and lower -values compared with single strand performance, which has to be taken into account at final magnet design.
The effect of strain on the transport properties of Nb Sn strands is well known for more than twenty years [5] . TARSIS was developed to verify and evaluate the quantitative impact of the various types of strand deformations that occur in CICC's, on the transport properties [6] . The main objective of this work is to achieve a better understanding of the scaling from the strand to the final CICC performance in ITER magnets. Recently, the first results obtained on a PIT Nb Sn strand with a bending wavelength of 5 mm were reported to introduce the set-up and demonstrate the effect of bending [6] . Here, on the same PIT strand type, the first experimental results for various bending wavelengths are presented.
II. STRAND SAMPLE AND TEST ARRANGEMENT
The Nb Sn PIT strand is manufactured by SMI (NL). The diameter is 0.81 mm, the Cu:nonCu and the twist pitch of the 504 filaments amounts to 10 mm. In order to guarantee that the wire is mounted straight on the cylinder prior to the heat treatment, a weight of 2 kg is used during the winding. The measurements are performed at K and T. The voltage current traces at various applied bending loads are recorded up to an electric field level of at least 100
. A drawing of the periodical bending tool is shown in Fig. 1 and details can be found in [6] . The wire runs along the circumference of a cylinder and is supported by pins. A cap with round bulges having the same radius as the pins is placed opposite. The Lorentz force on the sample is pointing inwards. The force applied with the plunge is measured with a load cell outside the cryostat. For the deflection of the wire, three extensometers are mounted. The complete holder is made out of TiAlV-alloy and is used for both reaction and testing. Four cylinders and caps are produced with wavelengths of 3.8, 5.0, 7.2 and 8.3 mm respectively, typical values for the bending radius in a CICC [4] . for the 'magnet' case using a volume force inside the cable, simulating the Lorentz force due to a magnetic field of 13 T and a transport current of 50 kA [7] . 
III. ESTIMATION OF DEFORMATION

A. Electromagnetic Load Distribution in a Cable
The electromagnetic load on the strands in a cable varies over the cross section. The average stress over the cross section of the cable is calculated, assuming a homogeneously distributed volume load and the result is shown in Fig. 2 [7] .
The load at the top of the cable cross section (with highest self-field) is mainly caused by the current in the strand itself, leading to a distributed load along the strand length being supported by crossing strands beneath (See Fig. 2 ). Toward the other side of the cable cross section (lowest self-field), the load gradually accumulates from strand to strand through the contacts to a peak stress of more than 15 MPa. This results into a complex load pattern varying from bending through distributed load and point contacts, toward more locally concentrated transverse stresses in strands clamped by other strands. The load and deformation depends on the position of the strand, traveling through the entire cross section, and the cabling geometry in terms of twist pitches and void fraction. In the following, we made some first order estimates of the bending amplitude and transverse stresses over the cable cross section.
B. Electromagnetic Load and Bending
Bending load from distributed electromagnetic force due to the strand currents as presented in Fig. 2 is the principal load in the upper part of the cross section from Fig. 1 . The distributed load between two supporting strand crossings is . The point load simulates the transferred magnetic point load from the upper crossing strand. This is schematically shown in Fig. 3 and also pointed out in [4] . For a typical CICC exposed to a magnetic field of 12 T, a current of 43 A per strand and a wavelength of 5 mm, the load is 2.6 N, with . The point load depends on the location in the cable but may be in the same order of magnitude as . The corresponding standard (elastic) equations for the deflection are and . is the moment of inertia while is the section factor. The peak strain is calculated by in which and respectively. With an additional in the same range as , such a load would typically result in a deflection of less than 1 m and an applied peak strain of 0.04% for a Young's modulus of 150 GPa.
C. Cable Compression by Accumulated Load
Severe accumulated loading occurs in the lower part of the cable cross section depicted in Fig. 2 . Transverse loading of a conductor in the Twente Cable Press is considered being representative for severe accumulated loading and leads to elastic and plastic deformation of the strands in the cable bundle. Fig. 4 shows the curves, compression versus applied force, of a Central Solenoid (CS1) conductor for various numbers of cycling and two applied peak loads [8] . A first press peak load of 450 kN/m is taken as an average for electromagnetic loading under ITER magnet operating conditions. The actual electromagnetic peak load in ITER is 650 kN/m. The total compression of the bundle goes up to 1100 m with a plastic component of roughly less than 50%. This is in good agreement with the dimensions of the cross section measured after the experiment [8] .
This cable compression is transmitted into local strand deformations like periodic bending, strand to strand point contacts (pinching) and more homogeneous transverse load (line contacts) along the length. The estimated average 'bending' amplitude of strands is by first approximation the cable compression divided by the square root of the total number of strands. For 1152 strands the approximate bending amplitude, including pinching of the strands (not only at the crossovers) is about 30 m.
It can be argued that the stress pattern of a cable in a magnet differs from that in the press, not only in transverse but also for longitudinal direction. The cable in a coil is under axial compression due to the thermal pre-strain caused by the conduit while in the press there is probably limited pre-strain due to the short length. In addition, the hoop stress in a coil, just like strand bending, relaxes the axial strain in the high self field area of the cable cross section (low accumulated load zone). However, the press mechanical compression results are in quite good agreement with the interpretation of the pressure drop found in the Model Coil tests, being explained by a gap of 1.3 mm between conduit and cable caused by the Lorentz forces [9] .
This level of deflection, if fully transformed into bending, causes strain levels that are supposed to seriously affect the in the Nb Sn filaments of the wire [5] . Point loads in the order of 90 N lead to a deflection of at least 18 m and an additional strain of 0.7% (elastic model and mm). In reality the yielding of the copper matrix will cause an enhanced deflection, as further on demonstrated in the experiment, but this is not feasible within the simple elastic model.
IV. TARSIS TEST RESULTS ON PERIODIC BENDING
The critical currents for all curves, taken at an electric field level of 10 V/m, are normalized to the in the virgin (unloaded) condition of the strand. The -values are determined from the curves in the electric field range of 5-20 V/m with the commonly used power law representation as
The distance between the central voltage taps is about 50 mm. Some characteristics, taken at various applied loads from zero to 3600 N/m are presented in Fig. 5 . Due to the curvature in the traces, the -value is affected by the chosen window. The virgin curve and those obtained at lowest loads follow the power law. At higher loads, the initial slope becomes shallower and seems degraded by typically a current redistribution effect [2] , [4] . At increasing levels of the curves become steeper again. Fig. 6 shows the normalized versus the applied bending amplitude for a wavelength of 5.0 mm. At a bending amplitude of 20
with an associated load of 4400 N/m, the reduces by 25% [6] . At the same time the -value reduces from 47 in the virgin state to a value of 17 after cycling and subjected to a bending amplitude of 20 m. After cycling but with released load the -value recovers to 26 and the to 0.92. In Fig. 7 the is plotted against the load per meter for various bending wavelengths. The intermediate steps to lower load levels demonstrating irreversibility are not included for clarity but was presented for mm in [6] . A plot against the load per length unit seems a comprehensible representation in direct relation to a cable in a magnet. We observed that the slightly increases at the first moderate loads. The load must be increased to more than 1000 N/m to reach a noticeable reduction in . Exceeding this level leads to a clear irreversible behavior, consequently leading to a further reduction of after each successive increase of load. The evolution of the -value versus the applied load per node with cycling for the same wavelengths is presented in Fig. 8 . Fig. 7 shows that the reduction in , for load per meter, enhances with longer wavelengths, while this is the other way around for the -value, plotted against load per node. 
V. DISCUSSION
The first results definitively show the impact of strand bending at accumulated loading on the and -value of Nb Sn strands. Moreover, the cyclic behavior in terms of and -value plainly shows a component representing a permanent reduction and a factor which is a reversible function of the applied load. The permanent reduction is associated with plastic deformation, yielding of the soft copper stabilizer, causing a permanent change in the strain state of the filaments, while the reversible component is linked to the elastic deformation.
Qualitatively the results are in agreement with [10] . As far as it concerns a first order quantitative analysis, the results presented here are not obtained on a CSMC strand but can be interpreted with the estimated average bending amplitude in ITER Nb Sn CICC's. This estimation of the 'bending' amplitude is a result of strand bending and transverse loads (30 ). The largest applied bending amplitude on the sample with a bending wavelength of 5 mm in TARSIS is 20 with a corresponding load of 22 N/node. This is practically the expected order of magnitude for the accumulated load in ITER CICC's under operation. The bending amplitude at similar load per meter is significantly larger for the longer wavelengths (in the order of 100 m).
The reduction in becomes more significant with larger bending wavelengths (load per meter). A frequent occurrence of larger bending wavelengths seems not to match with the average 'bending and pinching' amplitude deduced from the press experiments. The estimated value of 30 m obtained from the press seems to correspond to a bending wavelength closely around 5 mm or less (especially if pinching plays an important role).
If the for the four wavelengths is plotted against the load per node (Fig. 9) we find practically the same correlation for reduction and recovery for at least the three largest wavelengths. This suggests that the load at the point contacts plays an important role and could be primarily responsible for the reduction in strand performance. The reduction seems rather independent from the bending wavelength for constant transverse stress at the load points (nodes), at least for this strand type and applied wavelengths.
Pure electromagnetic loading of strands, as present mainly in the low accumulated region, causes only relatively low bending amplitudes. For a wavelength of 5 mm, the deflection is in the order of only several m's and the impact on the transport properties is not relevant. Only severe accumulated loading of the strands in a cable can cause a significant degradation in the performance. Although, the most severe accumulated load is present in the part of the cable cross section with lowest (self) field, this seeming advantage is apparently not sufficient to counterbalance the conductor degradation with transverse loading. The work will be continued with transverse load experiments and samples from actual ITER strands, applied in the CSMC and Insert Coils.
VI. CONCLUSION
The change in the voltage-current characteristics of a Nb Sn PIT strand is measured under transverse bending with wavelengths of 3.8, 5.0, 7.2 and 8.3 mm.
There is a strong impact of strand deformation (bending and pinching) on the and -value of Nb Sn strands. The cyclic behavior in terms of and -value plainly shows a component representing a permanent reduction and a factor which is a reversible function of the applied load. The estimated 'bending and pinching' amplitude per strand, obtained from transverse cable loading experiments, is estimated at about 30
. The reduces more with larger bending wavelength versus applied load per meter. However, the transverse stress at the loading points (strand contacts) in the accumulated load zone of a cable seem to play a dominant role with respect to the effects of pure bending which only gives a moderate reduction in performance.
